Given that Ac-(Gly-Pro-4(R)Hyp) 3 -Gly-4(R)Hyp-Pro-(Gly-Pro-4(R)Hyp) 4 -Gly-Gly-NH 2 forms a triple helix nearly as stable as the above two peptides (T m ‫؍‬ 45.0°C) and the knowledge that Ac-(Gly-4(R)Hyp-Pro) 10 -NH 2 does not form a triple helix, we conclude that the host environment dominates the structure of host-guest peptides and that these peptides are not necessarily accurate predictors of triple helical stability.
1
H nuclear magnetic resonance spectroscopy. At 4°C in water the circular dichroism spectrum indicates that this peptide was in a polyproline-II-like secondary structure with a positive peak at 225 nm similar to Ac-(Gly-Pro-4(R)Hyp) 10 -NH 2 . The positive peak at 225 nm almost linearly decreases with increasing temperature to 95°C without an obvious transition. Although the peptide Ac-(Gly-Pro-4(R)Hyp) 10 -NH 2 forms a trimer at 10°C, sedimentation equilibrium experiments indicate that Ac-(Gly-3(S)Hyp-4(R)Hyp) 10 -NH 2 is a monomer in water at 7°C. To study the role of 3(S)-hydroxyproline in the Yaa position, we synthesized Ac-(Gly-Pro-3(S)Hyp) 10 -NH 2 . This peptide also does not form a triple helix in water. 1 H Nuclear magnetic resonance spectroscopy data (including line widths and nuclear Overhauser effects) are entirely consistent, with neither Ac-(Gly-3(S)Hyp-4(R)Hyp) 10 -NH 2 nor Ac-(Gly-Pro-3(S)Hyp) 10 -NH 2 forming a triple helix in water. Therefore 3(S)-hydroxyproline destabilizes the collagen triple helix in either position. In contrast, when 3(S)-hydroxyproline is inserted as a guest in the highly stable -Gly-Pro-4(R)Hyp-repeated host sequence, Ac-(GlyPro-4(R)Hyp) 3 -Gly-3(S)Hyp-4(R)Hyp-(Gly-Pro-4(R)Hyp) 4 Gly-Gly-NH 2 forms as stable a trimer (T m ‫؍‬ 49.6°C) as Ac-(Gly-Pro-4(R)Hyp) 8 -Gly-Gly-NH 2 (T m ‫؍‬ 48.9°C). Given that Ac-(Gly-Pro-4(R)Hyp) 3 -Gly-4(R)Hyp-Pro-(Gly-Pro-4(R)Hyp) 4 -Gly-Gly-NH 2 forms a triple helix nearly as stable as the above two peptides (T m ‫؍‬ 45.0°C) and the knowledge that Ac-(Gly-4(R)Hyp-Pro) 10 -NH 2 does not form a triple helix, we conclude that the host environment dominates the structure of host-guest peptides and that these peptides are not necessarily accurate predictors of triple helical stability.
Collagens are the most abundant proteins in multicellular animals. Collagens are not only the scaffold of tissues and organs; they also work as regulators of many biological processes including cell attachment, cell proliferation, and gene expression. The collagen triple helix is used as a structural motif in other proteins such as C1q, macrophage scavenger receptor, collectins, and surfactant proteins (1, 2) . The collagen triple helix domain might have a significant role in the molecular recognition of these proteins.
Although it is one of the most extensively studied proteins, the structure of the collagen triple helix is still not fully understood. The collagen molecule consists of three polyproline-IIlike left-handed helices that form a right-handed superhelix. The polypeptides that form the collagen triple helix have repeated -Gly-Xaa-Yaa-sequences. The Xaa and Yaa positions are frequently occupied by proline residues. These proline residues are posttranslationally modified during biosynthesis (3). These modifications give the collagens the heterogeneity needed for their various biological roles in tissues and organs. Almost all proline residues in the Yaa position in vertebrate collagens are posttranslationally hydroxylated by prolyl-4-hydroxylase (4). This modification to 4(R)-hydroxyproline (4(R)Hyp) stabilizes the triple helix and is used to modulate the stability for the requirements of the organism (5) .
In addition to 4(R)-hydroxyproline, 3(S)-hydroxyproline (3(S)Hyp) is found in almost all collagens (6, 7). 3(S)-Hydroxyproline is the product of the enzyme prolyl-3-hydroxylase, which has not been well characterized (8, 9) . The occurrence of 3(S)Hyp is much less frequent than that of 4(R)Hyp in the total amino acid content of collagens. In basement membrane collagens, fractions range from 1 to 15 residues (10, 11) per 1000. 3(S)-Hydroxyproline is also found in other types of collagens, such as type I (11), type V (12, 13), type X (14), interstitial and cuticle collagens of annelids (15) , and the cysteine proteinases synthesized by the adult stage of the trematode Fasciola hepatica (16) . The only reported sequences containing 3(S)Hyp are in Gly-3(S)Hyp-4(R)Hyp tripeptide units (15, 17, 18) , although 3(S)Hyp might occur in other sequences. In addition, it was reported that 3(S)Hyp is degraded much faster than 4(R)Hyp during the hydrolysis in 6 M HCl as used in amino acid analysis (19) . Some reports might therefore have underestimated the 3(S)Hyp content.
Previous studies have shown that the peptide (Pro-4(R)HypGly) 10 forms a triple helix that has a significantly higher transition temperature than the trimer of the peptide (Pro-ProGly) 10 (20) . Although the experimental data indicate the contribution of 4(R)Hyp in the Yaa position to the stability, the exact mechanism is still controversial (21) (22) (23) . Because neither (Pro-4(S)Hyp-Gly) 10 (24) , (4(S)Hyp-Pro-Gly) 10 (24) , nor (4(R) Hyp-Pro-Gly) 10 (25) forms a stable triple helix in water, it was believed that (Gly-4(R)Hyp-Yaa) 10 peptides do not form a triple helix in water until our recent reports (26, 27) . There is a consensus about two factors stabilizing the collagen triple helix: the interchain GlyNH . . . CO(Xaa) hydrogen bonds and the dihedral angle limitation by the pyrrolidine ring structure. Additional factors that have been proposed are solvent water molecule-mediated hydrogen bonds, the propensity of the pyrrolidine ring puckering down in the Xaa and up in the Yaa position (23, 28) , the inductive effect of Hyp to stabilize transXaa-Hyp peptide bond conformation and the strengthening of the NH . . . CO bond (21, 29) , and the gauche effect of 4(R)Hyp in the Yaa to pucker up (C␥-exo pucker) (21) . However, it is still difficult to consistently explain all the experimental results.
The basement membrane collagens (type IV) have more than 20 interruptions of the Gly-Xaa-Yaa repeated sequence in each ␣-chain. The biological function of basement membranes is related to cell growth and differentiation, tissue repair, filtration at the glomeruli, etc. (30, 31) . The supramolecular structure of type IV collagen consists of a fine meshwork with frequent branches. 3(S)Hyp might be related to the supramolecular structure and the thermal stability of type IV collagen molecules. The supramolecular structure of type IV collagen suggests its triple helical domain might have a more flexible property than fibrillar collagen molecules. In this study we address the structural role of 3(S)-hydroxyproline and its contribution to the thermal stability.
EXPERIMENTAL PROCEDURES
Peptide Synthesis-Peptides were synthesized with an ABI 433A synthesizer. Couplings were carried out on a PAL-PEG-PS resin (0.16 mmol/g, PerSeptive Biosystems) using Fmoc 1 -amino acids (Fmoc-Gly-OH, Fmoc-4(R)Hyp(tBu)-OH, acetylglycine (Bachem, Torrence, CA), and Fmoc-3(S)Hyp). Fmoc-3(S)Hyp was synthesized from H-3(S) Hyp-OH (Fluka) and (N-(9-fluorenylmethyloxycarbonyloxy)-succinimide) (Bachem). HATU (O-(7-azabenzotriazol-1-yl)-1.1.3.3-tetramethyluronium hexafluorophosphate (4.0 eq) (PerSeptive Biosystems))/ diisopropylethylamine mediated peptide couplings. The peptides were cleaved from the resin and purified by semipreparative high performance liquid chromatography (Vydac C18, 5 m, 300 Å, 250 ϫ 10 mm, W.R. Grace Co., Columbia, MD). All synthesized peptides were characterized by matrix-assisted laser desorption ionization time-of-flight mass spectrometry and amino acid analysis.
Circular Dichroism-Circular dichroism spectra were recorded on an Aviv 202 spectropolarimeter (Aviv, Lakewood, NJ) using a Peltier cell holder (equipped with a thermostat) and a 1-mm path length rectangular cell (Starna Cells Inc., Atascadero, CA). Peptide concentrations were determined by amino acid analysis. The wavelength spectra represent at least an average of 10 scans with 0.1-nm resolution. Thermal transition curves were recorded at a rate of 10°C/h, except for the host-guest peptides, which were recorded at a rate of 6°C/h. For the refolding kinetics, the peptides were denatured at 70°C for 20 min and then rapidly cooled to 15°C by quenching in an ice water bath before transfer into the cell kept at 15°C. Quenching time was approximately 5 s, and the time needed for sample transfer was approximately 15 s. The ellipticity at 225 nm was monitored as a function of time over at least 60 min.
Analytical Ultracentrifugation-Sedimentation equilibrium runs were performed in a model E analytical ultracentrifuge (Beckman Instruments) equipped with a scanner. Twelve-millimeter Epon double sector cells in an An-F Ti rotor were used. The peptides were analyzed in 20 mM phosphate buffer, pH 7.2, containing 150 mM NaCl. The peptide concentrations were adjusted to 0.2-1.2 mg/ml. Sedimentation equilibrium measurements were carried out at temperatures between 4 and 7°C with rotor speeds from 40,000 to 52,000 rpm. Molecular masses were evaluated from ln A versus r 2 plots, where A represents the absorbance and r is the distance from the center of rotation. A partial specific volume of 0.72 ml/g was used for all calculations.
NMR Spectroscopy-NMR spectra were recorded on a Bruker AMX-400 spectrometer operating at 400.14 MHz. The 90°pulse width was 9 s, and a low power 2-s presaturation pulse was applied to suppress the H 2 O (HOD) resonance. The spectra were recorded as 16,384 points for the one-dimensional spectra and as 1024 ϫ 512 data point sets for the two-dimensional spectra. The NOESY data were collected with time proportional phase incrementation (32) in the indirect dimension at mixing times between 30 and 120 ms and a total recording time of approximately 10 h. Total correlation spectroscopy data (33) were collected with various mixing times ranging from 30 to 90 ms. The data were processed with Swan-MR (34, 35) or nmrPipe (36) to 1024 ϫ 1024 real data sets after application of a 60°phase-shifted sin 2 function and Fourier transformation for the two-dimensional spectra; base lines were straightened with polynomials as needed. Spectra were referenced to 0 ppm via internal 2,2-dimethylsilapentane-5-sulfonate or via the water resonance (4.71 ppm at 30°C). Final visualization and analyses of the two-dimensional data sets were performed using NMRView (37) or Swan-MR (34) .
RESULTS
The circular dichroism spectra of Ac-(Gly-3(S)Hyp-4(R)Hyp) 10 -NH 2 in water shown in Fig. 1 is similar to that of other collagen-like peptides. It has a positive peak at approximately 220 -225 nm and a negative peak at approximately 195-200 nm. The change in ellipticity monitored at 225 nm as a function of temperature does not show an obvious transition (Fig. 2) . The ellipticity was positive even at 95°C. Both the positive and negative peaks shifted to a longer wavelength with increasing temperature. The slope of the linear decrease of the ellipticity with increasing temperature was similar to that found in the unfolded region of other collagen-like peptides. The molar ellipticity of the positive and negative peaks of Ac-(Gly-3(S)Hyp-4(R)Hyp) 10 -NH 2 peptide was a little larger than that of Ac-(Gly-4(R)Hyp-Pro) 10 -NH 2 , a peptide known not to form a triple helix. These data suggest that the Ac-(Gly-3(S)Hyp-4(R)Hyp) 10 -NH 2 peptide is either extremely stable or not triple helical at all. In order to analyze whether Ac-(Gly-3(S)Hyp-4(R)Hyp) 10 -NH 2 forms a trimer or a monomer, sedimentation equilibrium runs in an analytical ultracentrifuge were performed at 7°C. Most of the Ac-(Gly-3(S)Hyp-4(R)Hyp) 10 -NH 2 was present as a monomer. A weight average molecular mass of 3340 Ϯ 200 daltons was determined (theoretical mass ϭ 2892 daltons). The lack of a cooperative transition of the peptide therefore indicates that Ac-(Gly-3(S)Hyp-4(R)Hyp) 10 -NH 2 does not form a triple helix in water.
The peptide Ac-(Gly-Pro-3(S)Hyp) 10 -NH 2 was synthesized and analyzed by CD spectroscopy and analytical ultracentrifugation. As shown in Fig. 1 the spectroscopic properties of this FIG. 1 . Circular dichroism spectra of collagen-like peptides. The peptides were measured at 4°C in water at a concentration of 100 M. f, Ac-(Gly-3(S)Hyp-4(R) Hyp) 10 -NH 2 ; q, Ac-(Gly-Pro-Pro) 10 -NH 2 ; OE, Ac-(Gly-Pro-4(R)-Hyp) 10 -NH 2 ; , Ac-(Gly-4(R)Hyp-Pro) 10 -NH 2 , and ᭜, Ac-(Gly-Pro-3(S)Hyp) 10 -NH 2 .
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peptide are very similar to Ac-(Gly-3(S)Hyp-4(R)Hyp) 10 -NH 2 , and there is no cooperative transition present in the temperature scan (Fig. 2) . The weight average molecular mass determined by sedimentation equilibrium was 2930 Ϯ 200 daltons (theoretical mass ϭ 2732 daltons); therefore this peptide is also a monomer in water. These results suggest that 3(S)Hyp has a strong destabilizing effect on the triple helix.
Further evidence for this conclusion comes from the NMR spectra shown in Fig. 3 . The bottom spectrum (C) illustrates for comparison the behavior of the peptide Ac-(Gly-Pro-4(R)Hyp) 10 -NH 2 , which forms a triple helix at 30°C in D 2 O. The lines are generally quite broad and are most obvious for the Gly H␣ resonances between approximately 3.9 and 4.3 ppm, which are so broadened as to be nearly at the base-line level. The two-dimensional NOESY spectra likewise show extensive and broad cross-peaks even though the mixing time is only 60 ms. The extensive NOEs arise from the short distances between all parts of the molecules because of the short interchain distances of the three packed helices of collagen-like peptides. The middle (B) and top spectra (A) are for the peptides Ac-(Gly-3(S)Hyp-4(R)Hyp) 10 -NH 2 and Ac-(Gly-Pro-3(S)Hyp) 10 -NH 2 , respectively. These one-dimensional reference traces show much higher resolution (again, it may be helpful to refer to the Gly H␣ resonances at approximately 3.9 -4.3 ppm), reflecting faster molecular motion resulting from being one-third the size of a triple helix trimer and probably from more internal flexibility. In fact, most of the observed cross-peaks are antiphase, indicating that they arise from zeroquantum, J-coupling effects (38) ; the predominance of these cross-peaks is consistent with a high degree of molecular mobility. The trace of Ac-(Gly-3(S)Hyp-4(R)Hyp) 10 -NH 2 (Fig. 3B ) shows more NOESY cross-peaks in the two-dimensional spectrum than does the top spectrum; this may mean that there is less conformational mobility or there may be a minor amount of triple helix, or both. The possibility of a minor fraction of triple helix in this sample of Ac-(Gly-3(S)Hyp-4(R)Hyp) 10 -NH 2 is enhanced by the high concentration used for the NMR studies. In neither of these two-dimensional NOESY spectra is there the extensive network of broad NOESY cross-peaks as seen for Ac-(Gly-Pro-4(R)Hyp) 10 -NH 2 (Fig. 3C) . In any event, the conclusion for Ac-(Gly-3(S)Hyp-4(R)Hyp) 10 -NH 2 is that it does not form a stable triple helix as is readily seen for Ac-(GlyPro-4(R)Hyp) 10 -NH 2 . The peptide Ac-(Gly-Pro-3(S)Hyp) 10 -NH 2 shows evidence for being monomeric (Fig. 3A) .
In order to investigate the possibility that the peptide Ac-(Gly-3(S)Hyp-4(R)Hyp) 10 -NH 2 does not form a triple helix because of an extremely slow nucleation step, we synthesized the peptide Ac-(Gly-3(S)Hyp-4(R)Hyp) 10 -foldon. A foldon was previously shown to be an effective oligomerization domain for collagen-like peptides (39 -41) . Fig. 4 shows that also in the context of the foldon the peptide Ac-(Gly-3(S)Hyp-4(R)Hyp) 10 -NH 2 does not form a stable triple helix.
Based on previous reports, the content of 3(S)Hyp is at most 16/1000 residues, and the only sequenced 3(S)Hyp is found in Gly-3(S)Hyp-4(R)Hyp tripeptide units. We therefore synthesized the Gly-3(S)Hyp-4(R)Hyp as the guest peptide in the host-guest peptide system of Brodsky and colleagues (42) . The guest tripeptide unit was inserted in the host sequence to produce the acetyl-(Gly-Pro-4(R)Hyp) 3 -(Gly-3(S)Hyp-4(R)Hyp)-(Gly-Pro-4(R)Hyp) 4 -Gly-Gly-NH 2 peptide. Fig. 5 shows that the guest tripeptide unit Gly-3(S)Hyp-4(R)Hyp formed a collagen triple helix in this system, and the T m of the guest tripeptide unit Gly-3(S)Hyp-4(R)Hyp (49.6°C) is comparable with the T m of the Gly-Pro-4(R)Hyp guest (48.9°C). However, the guest tripeptide unit Gly-4(R)Hyp-Pro also forms a stable triple helix with a high T m (45.0°C), although this peptide does not form a triple helix as a homopolymer. The guest tripeptide unit, GlyPro-3(S)Hyp, was much less stable with a T m of 37.5°C.
The refolding kinetics of the host-guest peptides containing 3(S)Hyp (Table I) show half-times comparable with other hostguest peptides measured previously (43) . More significantly, there is only a weak correlation between the refolding rates and the observed stabilities in the host-guest peptides, and no predictions can be made from these results for the stability of the corresponding homopolymers.
DISCUSSION
Ac-(Gly-3(S)Hyp-4(R)Hyp) 10 -NH 2 does not form a triple helix, whereas the peptides Ac-(Gly-Pro-4(R)Hyp) 10 -NH 2 and Ac-(Gly-4(R)Hyp-4(R)Hyp) 10 -NH 2 do form stable triple helices. 2 4(R)-Hydroxyproline in the Yaa position has a strong stabilizing effect on the triple helix of collagen-like peptides (5, 20, 44) and also increases the rate of folding of these peptides (39) . The inability of the Ac-(Gly-3(S)Hyp-4(R)Hyp) 10 -NH 2 peptide to form a triple helix is an unexpected observation. The CD spectrum shows the presence of a polyproline-II-like structure, but the analytical ultracentrifugation indicates that mostly monomers are present. At present we do not fully understand why Ac-(Gly-3(S)Hyp-4(R)Hyp) 10 -NH 2 does not form a triple helix. The main stabilizing force between the three polypeptides in the triple helix can be accounted for by the GlyNH . . . OC(Xaa) interchain hydrogen bonds. The presence of 3(S)Hyp in the Xaa position does not result in steric hindrance in the triple helix. It was reported recently that the 3(S)Hyp is a weaker hydrogen bond acceptor than proline or 4(R)Hyp (45) . The dihedral angles of Ac-3(S)Hyp-OMe were reported to be compatible with the preferred angles of prolines in the Xaa position of the triple helix (45) . In addition, the measured differences between the cis/trans ratios of 3(S)Hyp and proline make only a negligible contribution to the stability (45) . An alternative explanation is that 3(S)Hyp somehow stabilizes the monomeric polyproline-II helix, but there is no obvious reason for this. Molecular modeling of single chain peptides with the sequence Gly-3(S)Hyp-4(R)Hyp shows that no direct hydrogen bonds can be formed and that water-mediated hydrogen bonds are unlikely.
In contrast, the dihedral angles of Ac-3(S)Hyp-OMe differ significantly from the optimal angles for proline in the Yaa 2 K. Mizuno, D. Peyton, and H. P. Bä chinger, unpublished results.
FIG. 2. Thermal transition curves of collagen-like peptides.
The peptides were measured in water, and the CD signal was monitored at 225 nm as a function of temperature. The peptide concentration was 100 M, and the heating rate was 10°C/h. f, Ac-(Gly-3(S)Hyp-4(R) Hyp) 10 -NH 2 ; q, Ac-(Gly-Pro-Pro) 10 -NH 2 ; OE, Ac-(Gly-Pro-4(R)-Hyp) 10 -NH 2 ; , Ac-(Gly-4(R)Hyp-Pro) 10 -NH 2 ; and ᭜, Ac-(Gly-Pro-3(S)-Hyp) 10 -NH 2 .
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FIG. 3.
H NMR spectra of collagenlike peptides.
A, Ac-(Gly-Pro-3(S)Hyp) 10 -NH 2 ; B, Ac-(Gly-3(S)Hyp-4(R)Hyp) 10 -NH 2 ; and C, Ac-(Gly-Pro-4(R)Hyp) 10 -NH 2 , respectively. The spectra were recorded at 30°C, 10 mM concentration, and the NOESY mixing time was 60 ms. The twodimensional NOESY data sets were processed with 60°phase-shifted sine-bells before Fourier transformation, and the one-dimensional spectra were treated with a 1-Hz line-broadening factor. The twodimensional data sets were base-line straightened with polynomials, but the one-dimensional data were processed without base-line straightening.
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position of the triple helix (45) , and this is probably the main reason for the inability of the peptide Ac-(Gly-Pro-3(S)Hyp) 10 -NH 2 to form a triple helix. There is also the potential of steric hindrance of the hydroxyl group of 3(S)Hyp with the proline ring in the Xaa position of an adjacent chain.
In the context of a very stable triple helix as in the host-guest peptides 3(S)Hyp is able to form a triple helix in the Xaa position as well as in the Yaa position. The destabilizing effect becomes apparent when a slightly less stable host peptide is chosen. Raines and co-workers compared the stabilities of 3(S)Hyp in either position of the host-guest system (Pro-4(R)Hyp-Gly) 3 -Xaa-Yaa-Gly-(Pro-4(R)Hyp-Gly) 3 (45) . This system contains one less tripeptide unit and is further destabilized by charges at the end of the peptide. The T m of the 3(S)Hyp-4(R)Hyp-Gly guest is 3°C lower than the Pro-4(R)Hyp-Gly guest. A significant decrease in stability of 15°C of the guest peptide with Gly-Pro-3(S)Hyp is observed in this system. This value agrees well with the value determined here in the slightly more stable host-guest system (Ϫ11.4°C). A comparison between the stabilities of guest peptides determined in the host-guest system and their corresponding homopolymers is impossible. Both peptides studied here as well as Gly-4(R)HypPro do not form triple helices as homopolymers despite showing similar stabilities in the host-guest system.
The refolding rates of the host-guest peptides containing Gly-Pro-Pro, Gly-Pro-4(R)Hyp, Gly-4(R)Hyp-Pro, Gly-3(S)Hyp-4(R)Hyp, and Gly-Pro-3(S)Hyp as guests are all very similar. This indicates that the host portion of the host-guest peptide dominates the nucleation of the refolding reaction. When the refolding kinetics are analyzed in homopolymers there is a 1000-fold difference between Gly-Pro-Pro and Gly-Pro-4(R)Hyp (39) . Presumably the relatively small differences in the rates of refolding reported in the host-guest peptides (43) are probably because of interactions between the hydrophobic or charged guest residues of the guest tripeptide units. 10 -foldon. The CD signal was monitored at 210 nm, a wavelength in which foldon has an isodichroic point in the native and unfolded states. The rate of heating was 10°C/h. The complete sequence of this peptide is Ac-(Gly-3(S)Hyp-4(R)Hyp) 10 -Ser-Gly-Ser-GlyTyr-Ile-Pro-Glu-Ala-Pro-Arg-Asp-Gly-Gln-Ala-Tyr-Val-Arg-Lys-AspGly-Glu-Trp-Val-Leu-Leu-Ser-Thr-Phe-Leu (q). For comparison, the transition curve of (Gly-Pro-Pro) 10 -foldon (f) is shown (39 -41).
FIG. 5. Thermal transition curves of host-guest peptides.
The peptides were measured in phosphate-buffered saline at a concentration of 1 mg/ml with a heating rate of 6°C/h. The CD signal was monitored at 225 nm, and the fraction folded was calculated according to a reference (42) . f, Ac-(Gly-Pro-4(R)Hyp) 3 -Gly-3(S)Hyp-4(R)Hyp-(Gly-Pro-4(R)Hyp) 4 -Gly-Gly-NH 2 ; OE, Ac-(Gly-Pro-4(R)Hyp) 3 -Gly-Pro-4(R)Hyp-(Gly-Pro-4(R)Hyp) 4 -Gly-Gly-NH 2 ; ᭜, Ac-(Gly-Pro-4(R)Hyp) 3 -Gly-Pro-3(S)Hyp-(Gly-Pro-4(R)Hyp) 4 -Gly-Gly-NH 2 ; q, Ac-(GlyPro-4(R)Hyp) 3 -Gly-Pro-Pro-(Gly-Pro-4(R)Hyp) 4 -Gly-Gly-NH 2 ; and , and Ac-(Gly-Pro-4(R)Hyp) 3 -Gly-4(R)Hyp-Pro-(Gly-Pro-4(R)Hyp) 4 Gly-Gly-NH 2 .
TABLE I Thermal stability and refolding kinetics of host-guest peptides
The sequence of the host peptide is Ac-(Gly-Pro-4(R)Hyp) 3 -Gly-XaaYaa-(Gly-Pro-4(R)Hyp) 4 -Gly-Gly-NH 2 . The peptides were measured in phosphate-buffered saline at a concentration of 1 mg/ml. Peptides were denatured at 70°C, and refolding was monitored at 15°C. The halftimes of the refolding reactions are reported. 
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We can only speculate about the biological role of 3(S)Hyp in collagens. Table II lists the occurrence of 3(S)Hyp in different collagens and tissues. The prevalence of 3(S)Hyp in basement membrane collagens could be related to the supramolecular structure of this collagen. Type IV collagen forms a meshwork in basement membranes (30, 31) . This collagen contains interruptions in the tripeptide repeat, presumably to allow for kinks to accommodate the meshwork structure. The incorporation of 3(S)Hyp could modulate the stability to allow for additional regions of lower stability in this meshwork structure. The triple helical domain of the human ␣1-chain (type IV) (7 S region to major triple helical domain; 1421 residues) contains 44 GlyPro-Pro tripeptide units. From the published contents of 3(S)Hyp in type IV collagen, approximately one-third of these tripeptide units could be modified to 3(S)Hyp in the Xaa position. Further studies are required for the understanding of the structural and biological role of 3(S)Hyp in collagens.
